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Ultrashort Echo Time MRI (UTE-MRI) 
Quantifications of Cortical Bone Varied 
Significantly at Body Temperature 
Compared with Room Temperature

INTRODUCTION

Generally speaking, magnetic resonance imaging (MRI) has been increasingly used 
for cortical bone imaging and assessment, due to the relatively safe nature of MRI as 
compared to methods which use ionizing radiation, such as with computed tomography 
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Original Article Purpose: To investigate the temperature-based differences of cortical bone ultrashort 
echo time MRI (UTE-MRI) biomarkers between body and room temperatures. 
Investigations of ex vivo UTE-MRI techniques were performed mostly at room 
temperature however, it is noted that the MRI properties of cortical bone may differ 
in vivo due to the higher temperature which exists as a condition in the live body.
Materials and Methods: Cortical bone specimens from fourteen donors (63 ± 21 
years old, 6 females and 8 males) were scanned on a 3T clinical scanner at body 
and room temperatures to perform T1, T2*, inversion recovery UTE (IR-UTE) T2* 
measurements, and two-pool magnetization transfer (MT) modeling.
Results: Single-component T2*, IR-T2*, short and long component T2*s from bi-
component analysis, and T1 showed significantly higher values while the noted 
macromolecular fraction (MMF) from MT modeling showed significantly lower values 
at body temperature, as compared with room temperature. However, it is noted that 
the short component fraction (Frac1) showed higher values at body temperature.
Conclusion: This study highlights the need for careful consideration of the 
temperature effects on MRI measurements, before extending a conclusion from ex 
vivo studies on cortical bone specimens to clinical in vivo studies. It is noted that the 
increased relaxation times at higher temperature was most likely due to an increased 
molecular motion. The T1 increase for the studied human bone specimens was noted 
as being significantly higher than the previously reported values for bovine cortical 
bone. The prevailing discipline notes that the increased relaxation times of the bound 
water likely resulted in a lower signal loss during data acquisition, which led to the 
incidence of a higher Frac1 at body temperature. 
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(CT) (1-3). The dense and well-organized structure of the 
cortical bone results in short transverse magnetization 
decay (T2) of approximately 0.42-0.50 ms (4, 5); therefore, 
the clinical MRI sequences with TEs of several milliseconds 
gives rise to a negligible signal as seen from the cortical 
bone. 

Ultrashort echo time (UTE) MRI can image and 
quantitatively assess cortical bone (2, 3, 6-17). At 
this juncture, the UTE-MRI can acquire signal several 
microseconds after radiofrequency (RF) excitation, before 
major T2 decay of cortical bone has occurred (4, 5). Dual 
echo UTE acquisition with echo subtraction, long T2 
saturation UTE imaging, UTE with off-resonance saturation 
as well as single and dual adiabatic inversion recovery 
UTE techniques are examples of the now possible UTE-
MRI techniques for high contrast imaging of cortical bone 
(4-6, 17). Several quantitative UTE-MRI techniques have 
been developed to assess cortical bone microstructure and 
mechanics. Broadly speaking, these techniques include T1 
(18, 19), single-, bi-, and tricomponent analysis of apparent 
transverse relaxation time (T2*) (7, 14, 20), magnetization 
transfer ratio (MTR) (21), and magnetization transfer (MT) 
modeling from the macromolecules to water, which enabled 
measurement of the macromolecular protons fraction 
(MMF) (22, 23). These UTE biomarkers have demonstrated 
correlations with the noted key mechanical properties of 
the cortical bone. Specifically, short-T2* fraction from bi-
component T2* analysis has been found to be positively 
associated with bone strength and toughness (14). In 
this case, the MMF from two-pool UTE-MT modeling as 
well as MTR have demonstrated significant correlations 
with human bone porosity, as measured with ultra-high 
resolution CT (μCT) (9, 21). Additionally, the incidence of 
significant MMF variation has been observed in cortical 
bone after bone stress injury, which is likely due to an 
induction of microcracks (24).

In this context, the UTE-MRI correlations with bone 
microstructure and mechanics have been examined 
routinely ex vivo at room temperature, yet the target 
bone for future clinical in vivo studies resides at body 
temperature. As reported in the literature, it is noted that 
the MRI properties in cortical bone and other tissues are 
functions of the temperature (25-29). In general, the results 
show that the tissue relaxation times increase with a noted 
temperature increase. Consequently, applying results of 
UTE-MRI techniques based on ex vivo results cannot be 
directly applied to in vivo studies without considering the 
effect of temperature. Of course, the differences between in 

vivo cortical bone and ex vivo tissues are not limited to just 
the measurement of the temperature in this case.

The main objective of this study was to investigate 
variation of UTE-MRI quantifications of cortical bone 
between scans at room temperature and scans at body 
temperature. In this study, the UTE techniques utilized in 
this study included single- and bi-component T2* fittings, 
inversion recovery UTE (IR-UTE) T2*, T1, and two-pool MT 
modeling that have been the recent focus of our research 
group.

MATERIALS AND METHODS

Regulated Temperature Air Blower
An MR compat ib le  dev i ce  was  des igned  and 

manufactured in-house to force a directed air flow with 
a regulated temperature on the specimens during MRI 
scans. It consisted of a modified hair dryer and included a 
digital proportional-integral-derivative (PID) temperature 
controller (Red by Kiss Handle-less and MyPIN Universal 
Digital Controller) housed in a shielded aluminum box 
having a waveguide snout and aluminum screen for 
air exit and intake. There was also a flexible water pipe 
insulation tubing with a 2” internal diameter which was 
used to conduct the thermostated air from a safe location 
on the floor near the mouth of the magnet to the sample.  
The thermocouple tasked with providing feedback to the 
temperature controller was located approximately one foot 
from the exit snout inside the insulated tubing, resulting in 
the continued and stable regulation of the set temperature 
at this location, but with the thermal losses in the hose 
and sample housing, it was found necessary to set the 
temperature value 1.5 degree C higher to achieve the 
appropriately desired body temperature in the sample.  

Sample Preparation 
In this case, the cortical bone specimens were harvested 

from fourteen human tibial and femoral midshafts (63 ± 21 
years old, 6 females and 8 males), which were provided by 
a nonprofit whole-body donation company (United Tissue 
Network, Phoenix, AZ, USA). To begin with, the tibial and 
femoral midshafts were cut into 30 mm segments using 
a commercial band saw. After the removal of the bone 
marrow, a rectangular strip was excised from each specimen 
using a low-speed diamond saw (Isomet 1000, Buehler, IL, 
USA), having the approximate dimensions of  4 × 2 × 30 
mm.
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UTE-MR Imaging
In what follows, all bone specimens were immersed in 

phosphate-buffered saline (PBS) for twelve hours at room 
temperature before the MRI scans.  Then specimens were 
placed in a 30-mL syringe filled with perfluoropolyether 
(Fomblin, Ausimont, Thorofare, NJ, USA) to minimize 
dehydration and susceptibility artifacts. The UTE-MRI 
scans were performed on a 3T clinical scanner (MR750, 
GE Healthcare, Waukesha, WI, USA) using a homemade 
1-inch diameter transmit/receive birdcage coil. Next, 
the scans were performed first at body temperature 
(i.e., 37.5˚C) and again at room temperature (19˚C). It is 
emphasized that the UTE scans involved the four following 
quantitative protocols: A) five sets of dual-echo 3D-UTE-
Cones sequences (repetition time [TR] = 24.3, echo times 
[TEs] = 0.032, 0.2, 0.4, 0.8, 2.2, 4.4, 6.6, 8.8, 11 and 15 ms) 
for T2* single- and bi-component analyses, B) five set of 
3D-inversion recovery (IR)-UTE-Cones sequence (inversion 
time [TI] = 45, TR = 100, TEs = 0.032, 0.2, 0.4, 0.6 and 1 ms, 
flip angle [FA] = 20˚) for IR-T2* measurements, C) an actual 
FA variable TR (AFI-VTR) sequence (AFI: TE = 0.032, TRs = 
20 and 100 ms, VTR: TE = 0.032, TRs = 20, 50, 150 ms, FA 
= 45˚) for T1 measurements (19), which is a prerequisite 
for MT modeling, and D) a set of 3D-UTE-Cones-MT 
sequences (MT saturation pulse power = 400°, 600°, and 
800°, frequency offset = 2, 5, 10, 20, and 50 kHz, FA = 
10˚) for two-pool MT modeling (22, 23, 30). Other imaging 
parameters included: field of view (FOV) = 40 mm × 40 
mm, matrix = 160 × 160, slice thickness = 3 mm, receiver 

bandwidth = ± 62.5 kHz. Features of the 3D-UTE-Cones 
sequence have been described in previous studies (31-33). 
The two-pool UTE-MT modeling was previously described in 
detail by Ma et al. (22, 23, 30).

Quantitative UTE-MRI Analyses
The quantitative MR analyses included single- and 

bi-component T2*, single-component IR-T2* and T1 as 
well as the two-pool MT modeling. The signal in single-
component fitting of T2* and IR-T2* was modeled using 
the equation, S(TE)∝Exp (-TE/〖T2〗_^*)+constant, where 
S(TE) is the normalized UTE-MRI or IR-UTE signal. For bi-
component T2* fitting, a short T2* component (T2*1) and 
a long T2* component (T2*2) were assumed. The signal in 
bi-component fitting was modeled using the equation, 
S(TE)∝Frac1×Exp (-TE/〖T2〗_1^*)+ Frac2×Exp (-TE/〖T2〗
_2^*)+constant, where Frac1 and Frac2 are proton fractions 
of short and long T2* components, respectively. 

T1 measurement was performed using the single-
component fitting model, S(TR)∝(1-exp(-TR/T1)) + 
constant, where S (TR) is the normalized UTE-MRI signal (4, 
5, 34).

The UTE-MT analysis was accomplished by using a 
two-pool model to estimate MMF and macromolecular 
T2 (T2MM) based on a modified rectangular pulse 
approximation approach (22, 23, 30). In the two-pool 
model, the first pool is macromolecular proton pool which 
has a very broad spectrum or extremely short T2 (~10 us), 
while the second pool is seen as a water proton pool which 

Fig. 1. (a) Schematics of the MRI scanning setup which used the regulated temperature air blower (RTAB) to direct warm 
air at body temperature towards cortical bone specimens in a 30-ml syringe which was placed in a birdcage coil on a 3T 
clinical scanner. The warm air at 40˚ was directed through a flexible hose towards the transparent bag covering the coil and 
specimens. (b) Specimens were placed in a 30-ml syringe filled with Fomblin. 

a b
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includes both bound and pore water protons. It is noted 
that if the macromolecular proton magnetization is partially 
saturated, the acquired water signal intensity decreases due 
to the magnetization transfer. Details of the two-pool MT 
modeling are described earlier (22, 23, 30). In this sense, 
all measurements and models were performed using the 
in-housed developed codes in MATLAB (version 2017, The 
Mathworks Inc., Natick, MA, USA).

Statistical Analysis
The differences in average single- and bi-component-T2*, 

single-component IR-T2* and T1 as well as MT modeling 
results were compared between the acquired room-
temperature and body-temperature datasets using two-
tailed paired t-student test. It is noted that the P-values 
below 0.05 were considered significant.

RESULTS

Figure 1a schematically shows the experimental setup for 
scanning bone specimens at body and room temperature.  
In comparison to the scans at body temperature, the 
desired temperature on the RTAB device was set to 40˚ 
to achieve the body temperature (37.5˚C) within the 
syringe. Additionally, the scanning process began one hour 
after turning on the RTAB device to ensure homogenous 
temperature distribution within the syringe. Subsequently, 

Figure 1b shows the fourteen bone specimens together 
with a rubber piece placed in the 30-ml syringe filled with 
Fomblin. 

Figure 2 shows the UTE-MRI (TE = 0.032 ms) images of 
the fourteen studied cortical bone specimens at room and 
body temperatures. To begin with, there were three rubber 
pieces were placed in the syringe for calibration purposes. 
As has been shown, there were no clear differences 
were observed between images acquired at the different 
temperatures.

Figure 3a and b show the bi-component T2* decay fitting 
for a representative bone specimen (77-year-old male) at 
room and body temperatures, respectively. Figure 3c and 
d show single-component T1 recovery fitting for the same 
bone specimen at the two studied temperatures. Figures 
3e and f present the two-pool MT modeling analyses 
for the same specimen at room and body temperatures, 
respectively. Generally speaking, the MT modeling was 
performed for five off-resonance frequencies (2, 5, 10, 20, 
and 50 kHz) and three MT saturation pulse power levels, 
including 400°, 600°, and 800°, which are indicated with 
blue, green, and red lines. The fitting curves followed 
the actual data points very well at both room and body 
temperatures. In this case, there were no clear differences 
in fitting accuracies that were found between datasets at 
room and body temperatures.

Table 1 presents average values of measured UTE-MRI 
biomarkers at room and body temperatures in addition 

Fig. 2. Ultrashort echo time MR images of fourteen cortical bone specimens in a 30-ml syringe (0.25 mm pixel size) at (a) 
room temperature and (b) body temperature. Bone specimens were placed in the syringe with three rubber pieces for further 
comparisons.

a b
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c d

Fig. 3. T2* bi-component exponential fittings for a representative bone specimen (77-year-old, male, indicated in Fig. 1a) at 
(a) room temperature and (b) body temperature. T1 single-component exponential fitting for scans at (c) room temperature 
and (d) body temperature. The two-pool magnetization transfer modeling analyses at (e) room temperature and (f) body 
temperature using three pulse saturation power levels (400˚ in blue, 600˚ in green, and 800° in red) and five frequency 
offsets (2, 5, 10, 20, 50 kHz). Macromolecules fraction and macromolecular T2 refer to macromolecular fraction and 
macromolecular T2, respectively.

e f
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to their statistical differences obtained using two-tailed 
paired t-student test. All UTE-MRI measures but T2mm 
demonstrated significant differences between a review 
of the scans at room and body temperatures (P < 0.05). 
It is noted that the single-component T2*, IR-T2*, short 
component T2* (T2*S), long component T2* (T2*L), and 
T1 increased significantly as the temperature increased 
from room to body temperature. In the meantime, the 
MMF demonstrated significantly lower values at body 
temperature. Remarkably, it is shown that the short 
component fraction (Frac1) demonstrated significantly 
higher values at body temperature however the estimated 
T2* values for both components were increased.

DISCUSSION

This study examines the effect of temperature on the 
UTE-MRI biomarkers of ex vivo cortical bone samples. It 
is emphasized that the UTE-MRI techniques for ex vivo 
cortical bone assessment are routinely performed at room 
temperature as described in the literature. In this case, 
the UTE-MRI biomarkers have shown good correlations 
with bone microstructure and mechanics (7, 9, 10, 14-
16, 21, 24). Extending the conclusion from ex vivo studies 
on the cortical bone specimens to future in vivo studies 
requires careful considerations of the resulting temperature 
differences. However, differences between in vivo and ex 
vivo studies are not limited to the differences noted with 
temperature in this case.

In this case, the homemade RTAB device provided stable 
and consistent air flow with the desired temperature during 
the scanning process. No clear difference was observed 
in the UTE-MRI image quality and the fitting accuracy 

between room and body temperature datasets. This result 
indicated consistent T/R coil performance at both studied 
temperatures and with the adequate RF shielding of the 
temperature controller.

The UTE-MRI biomarkers demonstrated significant 
differences between datasets at room and body 
temperature. T1, single-component T2*, IR-T2* and short 
and long component T2*s from bi-component analysis were 
significantly higher at body temperature, as compared with 
results at room temperature (Table 1). The IR-T2* and short-
component T2* increases observed at body temperature 
indicated longer bound water relaxation times that resulted 
in less signal loss during data acquisition. Therefore, the 
short-component fraction from bi-component T2* analysis 
demonstrated higher values at body temperature. Moreover, 
the increase in T1 values due to the temperature increase 
might be higher for pore water, especially water residing 
in the larger pores, leading to higher short-component T2* 
fractions and lowering long-component T2* fractions (Table 
1). The prevailing discipline notes that the MMF from the 
two-pool MT modeling revealed significantly lower values 
at body temperature, that was mainly due to higher T1 
values used in the model.

In what follows, it is noted that increasing relaxation 
times by temperature increase was most likely due to the 
increased molecular and atomic motions, which agrees with 
the results in the literature where the tissue temperature 
difference was monitored using MRI relaxation times (25-
29). 

The temperature dependence of the MR relaxation times 
has been reviewed before as a useful MR thermometry 
technique in different biological tissues (28). In general, the 
T1 results from dipolar interactions of macromolecules and 
water molecules, which arise from their translational and 

Table 1. Average T2*, T1, and MT Modeling Results at Room Temperature Compared with Body Temperature in Studied Fourteen 
Cortical Bone Specimens (63 ± 21 years old, 6 females)

Bi-component MT modeling

T2*-Single (ms) IR-T2* (ms) Frac1 (%) T2*S (ms) Frac2 (%) T2*L (ms) T1 (ms) MMF (%) T2mm (μs)

Room temp 
(19˚C)

0.50 ± 0.06 0.30 ± 0.02 80 ± 5 0.38 ± 0.06 20 ± 5 10.9 ± 5.0 216 ± 17 63 ± 7 13 ± 1

Body temp 
(37.5˚C)

0.54 ± 0.06 0.38 ± 0.04 86 ± 5 0.46 ± 0.05 14 ± 5 15.0 ± 8.6 242 ± 22 59 ± 9 14 ± 4

P (t-test) < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.01 < 0.01 0.04 0.26

Difference 
(%)

+7.5 +26.1 +6.3 +21.7 -25.8 +37.3 +11.9 -7.4 +10.8

Frac1 and T2*s = short component fraction and T2*; Frac2 and T2*L =  long component fraction and T2*; IR-T2* = inversion recovery T2*; MMF = macromolecular 
fraction; T2mm = macromolecular T2
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rotational motion (28). Such molecular motions enhance 
by temperature show an increase, which result in higher 
T1 at body temperature compared with room temperature. 
Additionally, the T1 temperature dependence is expected 
to be different for different tissues (28). A similar increase 
in T2 relaxation time with increasing temperature has been 
observed in aqueous solutions and bovine cortical bone (28). 
In this respect, a higher T1 has been also reported in bovine 
cortical bone specimens at higher temperature (26, 27, 29). 
On average, it is noted that the T1 showed 0.7-1.0 ms/˚C 
increase in bovine cortical bone in previous (26, 27, 29) T1 
increase for the fourteen human studied specimens in this 
study was equal to 1.4 ± 0.3 ms/˚C which was significantly 
higher than reported values for bovine bone (26, 27, 29). 
The noted higher T1 increase in human bone specimen was 
most likely due to higher water and fat contents within the 
bone specimens. 

Broadly speaking, the significant temperature-based 
differences in UTE-MRI measures suggest that the 
conclusions of ex vivo studies need to be modified before 
applying them to in vivo studies. Implementing a linear 
correction method on UTE-MRI measures based on the 
presented results in Table 1 might improve the validity of 
the techniques for future in vivo studies.

This study has some noted limitations. First, the body 
temperature in this study was set to 37.5˚ which may not 
be completely accurate for measurement of bone which 
exists at the body’s extremities, such as at the location 
of the lower and upper limbs. Therefore, the expected 
temperature-based differences between ex vivo and in vivo 
studies depends on the studied cortical bone location in the 
body. For instance, the differences in the hip and spine may 
be higher than the differences in tibial and radius midshaft 
when measuring using this process. Second, this study only 
focused on temperature as one of the differences between 
the in vivo and ex vivo studies. However, other differences 
may have a reverse impact on the UTE-MRI biomarkers that 
can compensate for the measured temperature impact. For 
example, the fat percentage in the cortical bone proximity 
in vivo and potential chemical shifts can result in lower 
T2* values in vivo, as compared with the ex vivo bone 
specimens.

In conclusion, the temperature-based differences of 
the reviewed cortical bone UTE-MRI biomarkers as noted 
between the recorded body and room temperatures were 
investigated. Single-component T2*, IR-T2*, T2*S, and 
T2*L from bi-component analysis as well as T1 showed 
significantly higher values however MMF from MT modeling 

revealed significantly lower values at body temperature. The 
relaxation time increase per temperature unit for studied 
human cortical bone was higher than reported values 
for bovine bone as seen in the literature review. Higher 
relaxation times of the bound water at body temperature 
likely resulted in a lower signal loss during data acquisition, 
which led to higher values of Frac1 from the resulting bi-
component analysis. This study highlights the need for 
careful considerations of the temperature differences before 
extending conclusion from ex vivo studies on cortical bone 
specimens to any future clinical applications. The presented 
results here can be used to implement a linear correction on 
UTE-MRI measures to improve the validity of the techniques 
for in vivo studies.
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